Subjects. The acetylator phenotype was determined in a group of 54 children (group A) hospitalized in the Department of Pediatrics of Saint-Vincent de Paul Hospital for a minor disease (bronchiolitis: 26; fever: 7; diarrhea: 6; tonsillitis: I; otitis: 4, Down syndrome: 2; and other pathology: 8) and in a group of five children with Pierre Robin syndrome (group B). Group A was composed of 31 boys and 23 girls (42 Caucasians, six blacks, and six North Africans), 8 to 447 d old. Group B was composed of two boys and three girls (four Caucasians and one North African) treated with caffeine for prevention of apneas; they were serially studied between 3 and 630 d of age. We tested the reliability of our assay method in 30 healthy unrelated Caucasians, 15 men and IS women aged between 20 and 56 y.
Protocol. In group A, the acetylator phenotype was studied once between birth and 15 mo of age, when the acute illness was over, just before discharge. Three of the children were restudied between 15 and 18 mo of age in the outpatient clinic to ascertain the final acetylator phenotype, assuming maturation at that age was completed (15). Children in group A were given a single 2.5-mg/kg oral dose of an aqueous solution of caffeine citrate early in the morning, 30 min before bottle feeding or breakfast. Children in group B, treated with caffeine, were studied at stead) state. They received their usual caffeine citrate oral dose in the morning 30 min before bottle feeding. Caffeine dose had been adjusted by plasma concentration determination and varied from 2.3 to 15.8 rug/kg/d. Vitamins, fluorine, and antibiotics excep1 erythromycin were allowed during the test, but antituberculous drugs were not. None of the children had any history of hepatic disease and none was receiving any drug known to affect meth-
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Abbreviations AFMV, 5-acetylamino-6-formylamino-3-methyl uracil NAT, N-acetyltransferase I V, I-methyluric acid I,7V, I,7-methyluric acid IX, I-methylxanthine 1,7X, I,7-methylxanthine ABSTRACT. Caffeine acetylator phenotype was studied during maturation in 54 8-to 447-d-old children hospitalized for minor disease (group A) and in five 3-to 630-dold children with Pierre Robin syndrome (group B). In group A, the children received 2.5 mg/kg caffeine orally once between birth and 15 mo. Group B patients were chronically treated with caffeine (2.3 to 15.8 rag/kg/d) for prevention of apneas, and the acetylator phenotype was serially determined. Phenotyping was performed on a spot urine sample collected 2-6 h after drug administration. Caffeine metabolites [5-acetylamino-6-formylamino-3-methyl uracil (AFMV), I-methylxanthine, I-methyluric acid, I,7-methyluric acid, and I,7-methylxanthine] were measured using HPLC. Acetylator phenotype was determined on the basis of AFMV/I-methylxanthine (ratio I) and AFMV/AFMU + I-methyluric acid + I-methylxanthine + I,7-methylxanthine + I,7-methyluric acid (ratio 2) molar ratios. In group A, all children were slow acetylators before 83 d of age (ratio I < 0.4; ratio 2 < 0.08), whereas older children included slow and fast acetylators. The acetylation molar ratios differed significantly between age groups and increased with age. The cumulative percentage of fast acetylators increased with age but the plateau was not yet reached at IS mo. In three children, the phenotyping was repeated after IS mo: the second determination was consistent with the first one. In group B, all children appeared as slow acetylators on the first phenotyping. Four of them appeared subsequently as fast acetylators; one remained a slow acetylator until II mo. These results suggest that maturation of caffeine acetylation occurs during at least the first IS mo of life for fast acetylators but is not detectable in slow acetylators. Acetylator status cannot reliably be determined before at least IS mo. (Pediatr Res 29: 492-495, 1991) Acetylation is an important pathway in the biotransformation of drugs. At least IS drugs are metabolized in man by the MATURA TION OF CAFFEINE ACETYLATION 493 ylxanthine metabolism. Informed consent was obtained from the parents. The adult subjects received a single 3-mgjkg caffeine oral dose.
Urine collection. A spot urine sample was collected between 2 and 6 h after caffeine dosing and placed at 4°C. Urinary pH was measured and the sample was quickly frozen to -20T (11).
Analytical procedures. The analytical methods were those described by Grant et al. (2) with a few modifications. For AFMU, the chromatographic conditions were as follows: the column was an Ultrasphere Octa Decyl Silane 5-,um particle size, 25 em X 2 mm (Beckman, San Ramon, CA); the eluant was a mixture of 88% 0.1 M monobasic ammonium phosphate and 12% methanol; and the flow rate was 0.3 mLjmin. A l-g/L acetaminophen solution was used as internal standard. For lU, IX, I,7U, and 1,7X, a 50 mg/L diphylline solution in a 0.002 M aqueous solution of sodium hydroxide was used as internal standard (16). For lU and IX, the eluant was a mixture of 95% 0.1 M monobasic ammonium phosphate and 5% methanol at a flow rate of 0.2 mLjmin. For 1,7U and 1,7X, the eluant was a mixture of85% 0.1 M monobasic ammonium phosphate and 15% methanol. For each metabolite, the standard curve was linear between o and 20 mg/L, The coefficients of variation calculated in 10 samples of a lO-mgjL solution were 2.3, 6, 3.6, 5.9, and 5.3% for AFMU, lU, IX, 1,7U, and 1,7X, respectively. The coefficients of extraction were 100 (chloroform), 34, 76, 80, 83, and 66% (chloroform, isopropanol: 50j 50) for AFMU, 1U, 1X, I,7U, 1,7X, and acetaminophen, respectively.
Source ofmetabolites and reagents. Acetaminophen, 1U, 1,7U, and 1,7X were obtained from Sigma Chemical Co., (St. Louis, MO) and IX from Fluka (Buchs, Switzerland). AFMU was synthetized by Dr. Fourrey from CNRS Laboratory (Orsay, France). Diphylline was from Serlabo (Paris, France). Chloroform Lichrosolv and ammonium sulfate (in crystal form) were from Merck (Nogent, France). Isopropanol, acetic acid, methanol, and monobasic ammonium phosphate were from Prolabo (Paris, France).
Calculations. The acetylator phenotype was calculated using the AFMUjlX (ratio I) and AFMUjAFMU + IV + IX + 1,7U + 1,7X (ratio 2) molar ratios. The values of these molar ratios enabled the subjects to be classified as slow acetylators (ratio I < 0.4, or ratio 2 < 0.08) and fast acetylators (ratio 1 > = 0.4, or ratio 2 > = 0.08) according to the antimodes of the distribution of the ratios previously described in the literature (2, 12) . Statistical analysis. Statistical analysis was performed with our own software, Triomphe. Mean acetylator molar ratios were calculated in different age groups. The proportion of fast acetylators was compared in each group using a x:?' test. The cumulative proportion of fast acetylators was calculated as a function of age. In each child of group B, we tested against 0 the linear correlation coefficient between each acetylation ratio and the caffeine dose. Results are expressed as mean ± SD.
RESULTS
Initial phenotyping in group A. Ratio 1 was calculated in 52 out of 54 children. In the two remaining children, the amount of urine collected was too small to determine 1X concentration. Ratio 2 was calculated in only 40 out of 54 children. In the 14 remaining children, the amount of urine collected was too small to determine the concentration of all metabolites.
All children studied before the age of 83 d appeared as slow acetylators with both ratios. The acetylation ratio increased with age during the first year of life (Fig. I) . The 54 children of group A were separated into five classes of roughly equal numbers: 8-55,56-121, 122-224,225-242 , and 243-447 d of age. A significant difference was found for the proportion of fast acetylators, calculated with ratio 1, between age groups by a x 2 test (p < 0.05) ( Table I) . The difference did not reach statistical significance with ratio 2. The cumulative frequency of fast acetylators is shown in Figure 2 .
Second phenotyping in group A. A second phenotyping was possible in three children. Two children identified as slow acetylators on the initial phenotyping at II mo (ratio I = 0.077, ratio 2 not determined) and 13 rna of age (ratio I = 0.05, ratio 2 = 0.017), respectively, were still slow acetylators at 21 (ratio I = 0.24, ratio 2 = 0.03) and 23 mo (ratio 1 = 0.12, ratio 2 = 0.04), respectively. The third child classified as a fast acetylator on the initial phenotyping at 8 mo (ratio 1 = 1.6; ratio 2 = 0.2) remained a fast acetylator at 20 mo (ratio 1 = 6.9; ratio 2 = 0.09).
Sequential phenotyping in group B. The acetylator phenotype was determined in five children, 5, 6, 10, 8, and 6 times between 4 and 21 mo, 2 mo and I y, 27 d and 11 mo, 3 d and 7 mo, and 31 d and 4 rna of age, respectively (Fig. 3 ). The five children tested appeared as slow acetylators on the initial phenotyping performed between 3 d and 5 mo of age. One child remained a slow acetylator during the nine subsequent phenotypings performed between 27 d and 11 mo of age. The four others appeared subsequently as fast acetylators. However, in these children the values of the two acetylation molar ratios varied substantially. To explain these variations, we sought in each child an influence of the caffeine dose on the acetylation ratios. In all children but one, the correlation was not significant. In child 4, a significant correlation was evidenced between ratio 2 and caffeine dose (r = 0.91, P < 0.01) but not between ratio I and caffeine dose.
Phenotyping in adults.
We found 50% to be slow acetylators (ratio I = 0.19 ± 0.069, ratio 2 = 0.0527 ± 0.052) and 50% to be fast acetylators (ratio I = 1.24 ± 0.337, ratio 2 = 0.196 ± 0.08).
DISCUSSION
The two molar ratios, ratios 1 and 2, were used as a probe of NAT activity (13). This is an indirect means to determine the acetylation phenotype. For ethical reasons, it is not possible to measure NAT activity in liver biopsy in children. Recently, Grant et al. (17) showed a strong correlation (r = 0.98) between the in vivo urinary AFMUjlX ratio after caffeine administration in 14 subjects and NAT activity measured in vitro in liver wedge biopsies of the same subjects.
The method used offers a number of practical advantages. It requires the oral intake of a low dose of a very popular, ubiquitous, and safe drug. Caffeine is already used in children for therapeutic purposes. Moreover, this method does not require any plasma sampling, only a urine spot sample. This method has, however, been recently criticized, especially because of the physicochemical properties of AFMU and 1X. AFMU has been shown to be an unstable compound in vitro at ambient temperature at a pH above 3.5 (13, 18) . IX is poorly soluble in water and may concentrate in urine and precipitate at low temperatures (18) . Tang et al. (19) demonstrated that urine centrifugation could decrease IX concentration by more than 50% in the supernatant. To prevent these phenomena in our study, urine samples were placed at 4°C immediately after collection and frozen quickly to -20T. Urine samples were not centrifuged, to avoid precipitation of IX, but were homogenized before analysis. The results obtained in adult subjects in testing the reliability of our assay method are consistent with those reported in the literature on a Caucasian population (20, 21) . Molar ratio 2 was calculated to confirm the results obtained with ratio 1. Results obtained with both ratios were consistent in all subjects but one, a child with Pierre Robin syndrome, who appeared at 2 mo of age as a "borderline" fast acetylator (0.41) with ratio 1 and as a slow acetylator (0.037) with ratio 2.
The increase in acetylator ratios and in the proportion of fast acetylators during the first year of life suggests a postnatal maturation of caffeine N-acetylation. The study of the cumulative percentage of fast acetylators as a function of age suggests that the plateau is not yet reached at 15 mo of age and that the maturation of caffeine N-acetylation is not completed at that (22) , who suggested a rapid maturation of N-acetylation during intrauterine life. They found that about 50% of the enzyme activity in adult fast acetylators were already observed in human fetal livers between the 9th and the 12th wk of gestation. These authors used procainamide as a substrate to measure the NAT activity. This apparent discrepancy with our results suggests that procainamide may be acetylated by a different NAT isoenzyme. Our results are consistent with those published by Szorady et at. (14) , who found 83 out of 100 healthy Hungarian neonates to be slow acetylators using sulphadimidine as a probe.
The results obtained in five children with Pierre Robin syndrome sequentially phenotyped are consistent with those obtained in the other group of patients. The acetylation phenotyping was, however, performed under different conditions: the children were treated for a long period of time with caffeine, and the caffeine dose varied from 2.3 to 15.8 rug/kg/d. The absence of correlation between the acetylation molar ratio 1 and caffeine dose in most cases suggests no influence of the caffeine dose on the ratio value that could explain the variations of the acetylator ratio observed in the fast acetylators. These results are consistent with those published by Kalow et at. (23) , who found no corre-MATURATION OF CAFFEINE ACETYLATION 495 o~. '
•• e • lation between the ratios of metabolites and usual coffee consumption (0-9 cups per d), although in most cases our patients received caffeine doses much higher than those used by Kalow et al. Our results confirm those observed by Pons et al. (IS) in a previous preliminary study on the maturation of the caffeine Nacetylation. They suggest that acetylator status cannot reliably be determined before at least IS mo of age. 12.
13.
14.
15.
16. serially determined in five children with Pierre Robin syndrome treated with caffeine for prevention of apneas (group B), The cut-off level for slow and fast acetylation is indicated with a horizontal arrow on the y axis.
